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Abstract Several structural and physical changes in food-
stuffs are the consequence of water removal during the drying
process. Porosity (volume fraction of pores) is one of the key
parameter that affects the quality and other properties of foods
(such as apple and potato). To understand the effect of dehy-
dration in apple and potato, in the present study an arbitrary
small cubic volume element is considered which contains
pores (intracellular spaces) distributed in it. Further, it is
assumed that each pore in the cubic volume element is spher-
ical. A mathematical relation is developed between porosity
(volume fraction of pores) and pressure generated (due to
contraction of cells during water removal) in outward direc-
tion on the surface of spherical elements containing pore. The
developed relation is satisfactory in respect of experimental
observations given in the literature. For the given pressure
range, acquired porosity range is 0.1 to 0.92 for apple and 0.03
to 0.89 for potato which is matched with the existing experi-
mental values. The results showed that the porosity is increas-
ing with the increasing values of pressure, as expected, during
moisture removal. Further, it is observed that the current
porosity is depended on the initial porosity for both apple
and potato.

Keywords Apple and potato . Dehydration . Porosity .

Pressure . Strain invariants . Strain energy function

NomenclatureA bold faced quantity denotes a vector or a
tensor
A0 Radius of pores (internal radius) in unde-

formed configuration (μm)
B0 Radius of bulk material (external radius) in

undeformed configuration (μm)
A Radius of pores (internal radius) in deformed

configuration (μm)
B Radius of bulk material (external radius) in

deformed configuration (μm)
C Constant of integration
F Function
F Deformation gradient tensor
x(x1,x2,x3) Particle position vector in undeformed

configuration
y(y1,y2,y3) Particle position vector in deformed

configuration
R Particle distance from the origin in unde-

formed configuration
r Particle distance from the origin in deformed

configuratio
(R,Θ,Φ) Particle position in undeformed configuration
(r,θ,φ) Particle position in deformed configuration
W Strain energy function
b,C1,C2 Material constants
B Left Cauchy-Green deformation tensor
V Left stretching tensor
I1, I2, I3 Invariants of left Cauchy-Green deformation

tensor
λr, λθ , λφ Principal stretches
τ Cauchy stress tensor
τrr, τθθ Principal component of Cauchy stress
ρ Hydrostatic pressure (kPa)
p Pressure (a contraction stress generated in the

cells due to water removal) (kPa)
f0 Initial porosity (volume fraction of pores)
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f Current porosity (volume fraction of pores)
δij Kronecker delta

Introduction

Quality and texture of food products can be characterized by
their structural properties during dehydration without
effecting their taste and appearance. The dehydration process
is frequently used to extend shelf-life by increasing stability of
foods (for example, apple and potato) during storage, since it
reduces microbiological activity, decreases extensively water
activity of the material and minimizes physical changes
(Mayor and Sereno 2004). There are various types of struc-
tural properties such as moisture content, shrinkage, porosity,
density and surface area that are affected by dehydration
process.

Several physical and structural changes can be seen in food
materials due to moisture removal during drying process (Koç
et al. 2008). Ratti (1994) reported that transport property and
dimensions of individual particles modified during drying that
caused changes in shape and size of foodmaterials. Numerous
studies are available in literature which investigated these
physical and structural changes in various foodstuffs.
Among the diverse-studied properties for different drying
methods, some of the properties are listed in Table 1 for
selected fruits and vegetables. However, in the present work
we have focused on the study of porosity of apple and potato
only because porosity is the most important physical property

that characterizes the quality and texture of dry and moisture
foods (Sahin and Sumnu 2006). Porosity of apple and potato
largely depends on the temperature, moisture contents, hu-
midity, air velocity, drying method and initial porosity
(Rahman et al. 2005; Krokida and Maroulis 2001;
Oikonomopoulou and Krokida 2013).

For the quality characterization of dehydrated food prod-
ucts the study of structural properties such as density and
porosity are important. These properties have profound effects
on other properties, namely, permeability, diffusivity and ther-
mal conductivity (Krokida and Maroulis 2001). Among the
various changes in food materials, the most significant change
which occurs during drying is the reduction of its external
volume. Therefore, the change in microstructure i.e. shrinkage
and formation of pores is the consequence of loss of water and
heating that causes stress in cellular material (Mayor and
Sereno 2004). Bai et al. (2002) studied the structural changes
in apple rings during convective drying. They found that the
water removal leads to cell rupture and the formation of cracks
in the inner structure which is caused of the microstresses in
the cell membrane and the cell wall in the process of
dehydration. Further, Sinha (2011) mentioned that during
dehydration, the more the water loss, the more the contraction
stresses are originated in the material that generates the pres-
sure outward on the cavity surfaces. As a result, cavities of
different size and shape in food products build up (Mayor
et al. 2008) that increase the porosity in the product.

Numerous studies are available in the literature (Dissa et al.
2010; Karathanos et al. 1996; Katekawa and Silva 2004;

Table 1 Various examined parameters in different drying experiments for various foodstuffs

Examined parameters Examined products Drying methods References

Porosity, moisture content Apple Air drying Lozano et al. (1980)

Porosity, shrinkage, density Potato, Carrot, Garlic,
Pear, Sweet potato

Air drying Lozano et al. (1983)

Porosity, density, shrinkage Apple, Potato, Carrot Air drying Zogzas et al. (1994)

Porosity, structure, density Potato Air drying Wang and Brennan (1995)

Porosity, density, specific surface area,
pore size, pore size distribution

Apple, Potato Cabbage, Carrot Air and Freeze drying Karathanos et al. (1996)

Porosity, density, specific volume Apple, Potato, Banana, Carrot Conventional, Vacuum,
Osmotic,
Microwave, Freeze Drying

Krokida and Maroulis (1997)

Porosity, density, specific volume,
moisture contents, pressures

Apple, Potato, Banana, Carrot Vacuum dehydration Krokida et al. (1997)

Porosity, shrinkage, moisture contents Potato Air drying McMinn and Magee (1997)

Porosity, shrinkage, density, moisture
contents

Apple Osmotic drying Mavroudis et al. (1998)

Porosity, density, color and viscoelastic
behavior

Apple, Potato, Banana, Carrot Microwave and Microwave-
vacuum drying

Krokida and Maroulis (1999)

Porosity, density Apple, Potato, Abalone, Sates Freeze drying Sablani and Rahman (2002)

Porosity, densities Apple Osmotic dehydration Nieto et al. (2004)

Porosity, density, pore size distribution Potatoes, Mushrooms,
Strawberries

Freeze dried Oikonomopoulou and Krokida
(2012)
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Krokida et al. 1998; Liu et al. 2012; May and Perre 2002;
McMinn and Magee 1997; Rahman 2001, 2003; Rahman
et al. 1996; Wang and Brennan 1995) which reported that
the formation of porosity is the consequence of evaporation of
water from cellular products during dehydration. Further, it is
also reported that development and increment of porosity in
foods during drying is strongly affected by initial porosity,
initial material moisture content, relative humidity, composi-
tion, drying methods and conditions (Zogzas et al. 1994).

Rahman (2003) mentioned that the factors which affect the
development of pores can be grouped as (i) extrinsic and (ii)
intrinsic factors. Relative humidity, temperature, gas atmo-
sphere, pressure, electromagnetic radiation, and air circulation
are including in extrinsic factors, whereas the intrinsic factors
are initial structure and chemical composition. The shrinkage
is considered as the ideal during drying if the decrease in
volume of material is proportional to the loss of mass. On
the other hand, porosity comes into view if the volume reduc-
tion of material is lesser than volume of water loss (Madiouli
et al. 2007, 2012). During drying, Mattea et al. (1989) ana-
lyzed the shrinkage of apple tissues by means of computer
model.

As drying process proceeds and temperature increases,
moisture content in apple and potato decreases consequently
internal pressure in these products generated by water vapor
which is responsible for pore formation. The most common
terminology used in characterizing pores is porosity (volume
fraction of pores) (Rahman 2001). For the prediction of po-
rosity during dehydration, the aim of present work is therefore
two-fold: (i) to develop a mathematical relation between po-
rosity (volume fraction of pores) and pressure (a contraction
stress generated in the cells due to water removal during
dehydration) with the help of strain energy function for apple
and potato, and (ii) to examine porosity behavior with respect
to pressure and initial porosity.

Mathematical development

Problem formulation

Natural solid foodstuffs constitute systems of cellular tissues,
and therefore, may be regarded as peculiar porous systems
(McMinn and Magee 1997). Rahman (2001) described vari-
ous factors (such as surface tension, pore pressure, structure,
environment pressure, and mechanisms of moisture transport)
that play important roles in explaining the pore formation
during drying of food products. Further, Rahman (2001) hy-
pothesized that as capillary force is the main force responsible
for collapse, so counterbalancing this force causes formation
of pores and lower shrinkage. The counterbalancing forces are
due to generation of internal pressure due to vaporization of
water or other solvents, variation in moisture transport

mechanism, and pressure outside the material. Further, it is
reported in literature (Khalloufi et al. 2011; Ratti 1994) that
food products undergo deformations that can be characterized
by changes in volume, shape, porosity, density, shrinkage and/
or collapse phenomena during drying. To study the porosity
behavior and deformation of porous material (apple and po-
tato), let us consider an arbitrary small cubic volume element
containing pores distributed in it (Fig. 1a). For the mathemat-
ical analysis it is assumed that every pore in the cubic volume
element surrounded by a spherical surface which is lying
completely in the material matrix at every instant. Suppose
that this porous material is subjected to the pressure that is
responsible for counterbalancing forces and generated on the
surface of porous matrix as depicted in Fig. 1c. Therefore, the
problem under consideration is the study of deformation of a
sphere consisted of spherical pore and analysis of the growth
of voids (i.e. pores or cavities) in deformed material. Due to
spherical symmetry, the pressure on the surface of porous
matrix prescribed radial deformation of the spherical solid
element enclosing pore. Fig. 1b, c depicts the undeformed
and deformed configurations of the spherical material, respec-
tively. Suppose that in the undeformed configuration, the
radius of a spherical void cell is denoted by A0 (inner radius)
and that of the bulk material by B0 (outer radius), while in the
deformed configuration, the radius of the void cell and mate-
rial cell is denoted by A (inner radius) and B (outer radius),
respectively. Using spherical polar coordinates, the position of
a particle x in the undeformed configuration is denoted by
(R,Θ,Φ) and after deformation; suppose it takes the new
position y and is denoted by (r,θ,ϕ). For the study of cavita-
tions in porous hyperelastic solid, the radial symmetric defor-
mation is defined as (Ball 1982; Hou 1990; Lopez-Pamies
et al. 2011; Sivaloganathan 1986)

y ¼ F Rð Þ
R

x ð1Þ

where

y ¼ y1; y2; y3ð Þ; x ¼ x1; x2; x3ð Þ; R ¼ xj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x21 þ x22 þ x23
� �q

and F(R) is a function of R which will be determined.
Since deformation is radialy symmetric, therefore

r ¼ yj j ¼ F Rð Þ; Θ ¼ θ; Φ ¼ ϕ ð2Þ

Deformation gradient tensor F associated with deformation
(1) is given by

F ¼ ∂y
∂x

¼ ∂yi
∂x j

� �
ð3Þ
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where

∂yi
∂x j

¼ xix j
R2 F

0
Rð Þ−F Rð Þ

R

� �
þ F Rð Þ

R
δi j ; i; j ¼ 1; 2; 3

ð4Þ
where F′(R) is derivative ofF(R) and δij is Kronecker delta. By
the assumption of incompressibility, we have

Det Fð Þ ¼ 1 and also B3−A3 ¼ B3
0−A

3
0 ð5Þ

on solving Eqs. (3) and (5) (for details, see Appendix A), one
can get

F Rð Þ ¼ R3 þ C
� �1=3 ð6Þ

where C is constant of integration.
During deformation, the point R=A0 deformed into the

point r=F(R)=A, therefore, Eq. (6) reduced to

F Rð Þ ¼ R3 þ A3−A3
0

� �1=3 ð7Þ

IfA=A0, Eq. (7) implies that r=R, i.e. no deformation in the
solid matrix.

Constitutive relation

To study themechanical properties of apple and potato tissues,
Singh et al. (2013) proposed a strain energy function by
considering tissues as isotropic, incompressible and
hyperelastic material. Further, the influence of turgor pressure
on apple and potato tissues as a function of stretch ratio was
discussed by using this strain energy function (Singh et al.
2014). In the present work, therefore, we have considered this
strain energy function to obtain the desired mathematical
relation for the prediction of porosity in apple and potato.

The proposed strain energy function was

W ¼ C1

2b
exp b I1−3ð Þð Þ−1½ � þ C2

2
I2−3ð Þ2 ð8Þ

where b, C1 and C2 are material constant, and I1, I2 are strain
invariants which are defined as

I1 ¼ trB; I2 ¼ 1

2
trBð Þ2−trB2

	 

ð9Þ

B is the left Cauchy-Green deformation tensor calculated
from B=FFT=V2, F is given by Eq. (3). Principal stretches
λr, λθ , λϕ (i.e. eigenvalues of V) are given by

λr ¼ F
0
Rð Þ; λθ ¼ λϕ ¼ F Rð Þ

R
ð10Þ
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Fig. 2 Porosity versus moisture content for apple. Data have been taken
from literature- Zogzas, et al. (1994) (convective drying) andKrokida and
Maroulis (1997) (freeze, microwave, vacuum, osmotic and convectional
drying)

(b) Undeformed Configuration (c) Deformed Configuration(a) Porous solid containing 
spherical voids

B0

A0

B

p

A

Fig. 1 The structure of porous material (a) cubic porous solid containing spherical voids (b) undeformed configuration (c) deformed configuration
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using incompressibility condition λrλθ
2=1, Eq. (9) can be

written as

I1 ¼ λ2
r þ

2

λr
and I2 ¼ 1

λ2
r

þ 2λr ð11Þ

where

λr ¼ F
0
Rð Þ ¼ 1þ A3−A3

0

R3

� �−2=3

¼ 1−
A3−A3

0

r3

� �2=3

ð12Þ

λθ ¼ 1þ A3−A3
0

R3

� �1=3

¼ 1−
A3−A3

0

r3

� �−1=3

ð13Þ

For the isotropic, incompressible hyperelastic material,
Cauchy stress tensor is defined by (Holzapfel 2000)

τ ¼ −ρþ 2
∂W
∂I1

B−2
∂W
∂I2

B−1 ð14Þ

where ρ is the hydrostatic pressure. From Eq. (14), the prin-
cipal components of Cauchy stress can be obtained as

τ rr ¼ −ρþ 2λ2
r

∂W
∂I1

� �
−

2

λ2
r

∂W
∂I2

� �
ð15Þ

τθθ ¼ −ρþ 2λ2
θ

∂W
∂I1

� �
−

2

λ2
θ

∂W
∂I2

� �
ð16Þ

Equilibrium equation

Now, the stress distribution within the material during defor-
mation can be solved with the help of equilibrium equation.

For the radial deformation, the equilibrium equation can be
written as (Chang and Pan 1997, 2001; Hou 1990; Lopez-
Pamies et al. 2011; Murphy and Biwa 1997; Polignone and
Horgan 1993)

dτ rr
dr

þ 2

r
τ rr−τθθð Þ ¼ 0 ð17Þ

Boundary conditions

The pressure p developed on the surface of the porous sphere
(which is responsible for counterbalancing force in formation
of pores) based on deformed configuration is related to radial
stress by the relation (Chang and Pan 2001; Polignone and
Horgan 1993)

τ rr ¼ p
B0

B

� �2

at r ¼ B

or by using Eqs. (5) and (13), τrr can be rewritten as (for
details, see Appendix B)

τ rr ¼ p

λ2
θ

at r ¼ B ð18Þ

It is also assumed that the cavity surface is traction free,
which gives

τ rr ¼ 0 at r ¼ A ð19Þ

Final desired relation

The difference between τrr and τθθ can be calculated from
Eqs. (15) and (16) as

τ rr−τθθ ¼ −2
1−λ3

r

λr

� �
∂W
∂I1

þ 1

λr

∂W
∂I2

� �
ð20Þ

Hence, the problem in hand is to solve the Eq. (17) with
boundary conditions (18) and (19). Therefore,

dτ rr
dr

¼ 4

r

1−λ3
r

λr

� �
∂W
∂I1

þ 1

λr

∂W
∂I2

� �
ð21Þ

0 1 2 3 4 5 6 7 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Moisture Content (kg/kg dry basis)

P
or

os
ity

 

Potato
Freeze drying
Microwave drying

Vacuum drying

Air drying (T = 40 o C)

Air drying (T = 70 o C)
Convective drying

Fig. 3 Porosity versus moisture content for potato. Data have been taken
from literature-Krokida andMaroulis (1997) (freeze, microwave, vacuum
drying) and Wang and Brennan (1995) (air drying 40 °C and 70 °C)
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on integrating Eq. (21) from r=A to r=B, we get

τ rr Bð Þ−τ rr Að Þ ¼ 4

Z
A

B
1−λ3

r

λr

� �
∂W
∂I1

þ 1

λr

∂W
∂I2

� �� �
dr

r
ð22Þ

by using boundary conditions (18) and (19); and change the
variable of integration from r to λr with the help of Eq. (12),
we can get

p ¼ 2λ2
θ

ZB
A

1þ λ3=2
r

λ1=2
r

 !
∂W
∂I1

þ 1

λr

∂W
∂I2

� �" #
dλr ð23Þ

where Ā, B (with initial porosity f0=(A0/B0)
3 and current

porosity f=(A/B0)
3) and λθ (using Eq. B3) are given by

A ¼ f 0
f

� �2=3

; B ¼ 1þ f − f 0ð Þ−2=3 λθ ¼ B3
0 þ A3−A3

0

B3
0

� �1=3

¼ 1þ f − f 0ð Þ1=3
ð24Þ

hence, by using Eq. (8) with (11), Eq. (23) reduced to

p ¼ 2λ2
θ

ZB
A

1þ λ3=2
r

λ1=2
r

 !
C1

2
exp b λ2

r þ
2

λr
−3

� �� �
þ C2

λr

1

λ2
r

þ 2λr−3

 !( )" #
dλr

ð25Þ

with the use of Eq. (24), Eq. (25) gives the relation between
current porosity and pressure in terms of initial porosity during
dehydration in apple and potato.

Porosity measurement methods

Porosity plays an important role in characterizing of the qual-
ity and the texture of dry and intermediate moisture foods. It
has significant effect on the physical (such as thermal conduc-
tivity, thermal diffusivity and diffusion coefficient), textural
and mechanical properties of foods (Rahman 2001). Porosity
is defined as the volume fraction of the air or the void fraction
in the sample and expressed as:

Porosity ¼ VoidVolume

Total Volume

Variousmethods that can be used for porositymeasurement
of food products were reported by Sahin and Sumnu (2006)
and are summarized as follows:

& Direct method: This method is used to determine the
porosity by calculating the difference of bulk volume of
a sample of porous material and the volume measured
after destruction of all voids by compression. The porosity
of very soft material can be determined by using this
method.

& Optical method: In this method, porosity is determined
from the microscopic view of a section of the porous
medium. This method is appropriate if the porosity is
uniform throughout the sample.

& Density method: In this method, porosity is measured
from the densities of materials.

Porosity ¼ 1−
Bulk Density

ParticleDensity

where bulk density and particle density can be measured
by the methods given in the work of Krokida andMaroulis
(1997). In another way, if the densities data of the material
is not available then porosity can be calculated from its
pore volume. Liquid or gas displacement method (Sahin
and Sumnu 2006) can be used for pore volume
measurement.

& Gas pycnometer method: In this method, air comparison
pycnometer is used to measure the porosity by measuring
the volume fraction of air.

& Using porosimeters: Mercury porosimetry can be used to
determine the porosity, pore’s characteristics and pore size
distribution. Porosimeters are based on the principle of
either liquid extrusion from the pores or liquid intrusion
into pores. In liquid intrusion method, liquid (such as oil,
mercury or water) is forced into the pores by applying
pressure and intrusion volume is measured. On the other
hand, in extrusion porosimetry, pores in the porous mate-
rials are filled by wetting liquids and pressure is applied to
displace the liquid from the pores. Further, volume change
of extruded liquid is measured with pressure.

Among these methods, for porosity measurement, density
method was extensively used by researchers to measure the
porosity of apple, carrot and potato (Zogzas et al. 1994),
potato (Wang and Brennan 1995), banana, apple, carrot and
potato (Krokida and Maroulis 1997; Krokida et al. 1997),
however, Gas pycnometer and porosimeters method was used
for corn, wheat, and sorghum kernels (Chang 1988), starch
materials (Karathanos and Saravacos 1993), apple, potato,
cabbage, and carrot (Karathanos et al. 1996) and apple
(Rahman et al. 2005) during drying. These methods can also
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be used to measure porosity of food products before and after
drying process.

In the present study, the porosity data used to validate the
model is measured by density method. Finally, the details of
density method can be found in literature (Krokida and
Maroulis 1997; Krokida et al. 1997; Wang and Brennan
1995; Zogzas et al. 1994) for porosity measurement of apple
and potato experimentally.

Results and discussion

Analysis of cavity growth

To discuss the growth of cavity (pores) during dehydration in
apple and potato, we have considered two possible cases for
the value of A (i.e. growth of cavity). It may be possible that
either A=A0 or A>A0.

(i) When A=A0

It is evident from literature (Joardder et al. 2014; May
and Perre 2002; Weinberg 2007) that fresh apple and
potato contains certain amount of arbitrarily distributed
voids and pores in it. However, the cavities are small as
compared to the whole structure of the product. For
instance, if we assume that initial porosity in these prod-
ucts is zero (i.e. A0=0) which leads to A=0, the Eqs. (2)
and (7) describes a trivial deformation in which the body
remains undeformed. Also the value A=0 contradicts the
results regarding formation of pores during dehydration
which was reported in several experimental studies
(Rahman et al. 2005; Lozano et al. 1980; Krokida et al.
1997). Therefore, the assumption A0=0 is not valid and
hence A0>0. Again, if A=A0>0, then Eqs. (2) and (7)
describes a trivial deformation.

(ii) When A>A0

In this case, cavity formation and size of cavity
depends on the values of A0. If we assume that A0=0
(i.e. absence of initial porosity), then the value of p
calculated from Eq. (25) is very large for formation of
pores in dried products. Practically, no such large pres-
sure can be generated during dehydration in these
products. Therefore, it is reasonable to consider some
positive value of initial porosity (i.e. A0>0). Also the
value of A depends on p that should not exceed a
suitable limit. The case A=A0 is not possible as
discussed above. Only the possibility remains is A>
A0. For practically valid situations, we have explored
all possible conditions for A. During dehydration when
amount of water in apple and potato decreases, internal
pressure in cells increases consequently radius of cav-
ity (A) increases.

Numerical solution

Equation (25) presents the relation between current porosity
and pressure ( in kPa) which is (responsible for
counterbalancing force in formation of pores) developed
on the surface of spherical elements containing pores
formed by water evaporation during dehydration in apple
and potato. The integral in Eq. (25) is evaluated numerically
by using Gauss-Legendre quadrature rule. The values of
constants b=1, C1=0.3524 (MPa), C2=6.4440 (MPa) for
apple and b=1, C1=0.0283 (MPa), C2=3.0118 (MPa) for
potato are taken from literature (Singh et al. 2013). The
obtained relation (Eq. 25) is used to predict the porosity
variation in apple and potato for varying pressure values
during drying. During dehydration, as moisture content
decreases in apple and potato, generated pressure (contrac-
tion stress) increases on the cell-wall, as a results cells
shrink which causes increment in the porosity.
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Fig. 4 Porosity variation with respect to initial porosity and pressure
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Experimental data

For various drying methods and temperature, experimental
works had been carried out for diverse food products (for
example, apple, banana, carrot, and potato) by several group
of researchers (Krokida et al. 1999, 2000; Krokida and
Maroulis 1999), and a relationship between moisture content
and maximum stress and maximum strain in dehydrated prod-
ucts was reported. This stress is analogy to the pressure
generated on the cell-wall or in other words on the surface
of spherical elements containing pores. The values of pressure
generated on the spherical surface are varying in different
drying methods; therefore, a range (from minimum value to
maximum value) for pressure is considered in the present
work. In the acquired range of pressure, we have done our
calculation and obtained a range for porosity which is
recumbence in between the range (values of porosity) which
is given in literature. For different experimental studies, the
values of initial porosity for apple and potato are presented in
the Table 2. Krokida and Maroul is (2001) and
Oikonomopoulou and Krokida (2013) collected data of po-
rosity for various foodstuffs, temperature, conditions and dry-
ing methods from literature and adduced in a table form. It is
observed that porosity is varying from 0.1 to 0.92 and 0.03 to
0.89 for apple and potato, respectively.

In the present study, for the validity of the developed
mathematical relation data have been extracted from the ex-
perimental works (Krokida and Maroulis 1997; Wang and
Brennan 1995; Zogzas et al. 1994) for apple and potato during
dehydration. Figure 2 shows the experimental data (Krokida
and Maroulis 1997; Zogzas et al. 1994) of porosity as a
function of moisture content for convective, freeze, micro-
wave, vacuum, osmotic and convectional drying of apple. It
can be seen from the Fig. 2 that the value of porosity increases
from 0.1 to 0.92 as moisture content decreases in various
drying methods. Further, the porosity increment with decrease
in moisture content is high in freeze drying whereas it is low in
osmotic dehydration.

Figure 3 shows the porosity changes as the function of
moisture content from the experimental data (Krokida and
Maroulis 1997; Wang and Brennan 1995) for air drying at
temperature 40 °C and 70 °C and for freeze, microwave and
vacuum drying of potato. The porosity variation is seemed
from 0.03 to 0.89 as moisture content decreases. During
potato drying, the porosity increment is high for freeze drying
whereas it is low for air drying at temperature 40 °C for
decreasing value of moisture content.

Model validation

The relation between porosity and pressure developed in the
present work is based on the strain energy function (Eq. 8). To
study the mechanical properties of apple and potato, the

adequacy of this strain energy function is described well in
our previous works (Singh et al. 2013, 2014). In these works
mechanical properties (tension-stretch ratio relation, turgor
pressure-stretch ratio relation) of apple and potato were stud-
ied and the model was validated with the help of existing
experimental data. A good agreement between predicted
values and experimental data was obtained. It was reported
that this strain energy function is appropriate to study the
mechanical properties of apple and potato. Therefore, in the
present work, the strain energy function given in Eq. (8) has
been used for the development of the desired relation. Further,
by considering the range of pressure given in literature
(Krokida et al. 1999, 2000), the values of porosity are calcu-
lated from Eq. (25) for various drying methods. The obtained
values of porosity are checked and found in the range which is
given in literature (Krokida and Maroulis 1997; Wang and
Brennan 1995; Zogzas et al. 1994). Therefore, it can be
concluded that the developed relation in the present study is
appropriate for study the porosity behavior as a function of
pressure.

Porosity variation in different drying methods

By using Eq. (25), the values of current porosity are calculated
for the different values of pressure. For different drying
methods, the behavior of porosity as a function of initial
porosity is presented in Figs. 4, 5, 6, 7 and 8 for apple and
Figs. 9, 10, 11, 12 and 13 for potato. Before starting the drying
process, when there is no moisture loss, the porosity (i.e. the
initial porosity) is shown in Figs. 4, 5, 6, 7, 8, 9, 10, 11, 12 and
13 corresponding to pressure p=0. As drying proceeds, pres-
sure increases by water loss as a result current porosity in-
creases. Further, current porosity also increases for increasing
values of initial porosity during dehydration in these products.

Porosity variation in apple

The variation in current porosity with respect to initial poros-
ity and pressure is depicted in Figs. 4, 5, 6, 7 and 8 for freeze
drying, vacuum drying, microwave drying, convective drying
and osmotic dehydration, respectively. It can be seen from the
figures that the current porosity ranges from 0.15 to 0.93 in
case of freeze drying; from 0.15 to 0.72 in case of vacuum
drying; from 0.15 to 0.63 in case of microwave drying; from
0.15 to 0.60 in case of convective drying and from 0.15 to 0.54
in case of osmotic dehydration. It is clear from the figures that
the initial porosity and pressure have significant effects on the
porosity variation for all the drying methods discussed above.
Further, the porosity is high in freeze drying, whereas it is low
in osmotic dehydration. The high porosity in freeze drying of
foodstuffs is the consequence of absence of capillary forces
during sublimation of the frozen solvent (Madiouli et al.
2012). In the different drying methods, maximum value of
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generated pressure is different. It is maximum in freeze drying
whereas minimum in osmotic dehydration.

The above-mentioned range of porosity for apple is report-
ed in l i t e r a tu r e (Krok ida and Marou l i s 2001 ;
Oikonomopoulou and Krokida 2013) for different drying
methods, temperature and conditions. The continuous process
of drying caused the increase in porosity with pressure, as
expected. The rate of increment of porosity is depending on
the initial porosity and it is high for the greater value of the
initial porosity. It is also obvious from the figures that for the
high value of initial porosity, the less amount of pressure is
sufficient to attain the greater value of current porosity.

In the freeze drying when the initial porosity is 0.15, the
value of pressure is very high (Fig. 4). In the initial hours of
drying of these products, current porosity increases rapidly
(even for the small values of pressure), however, the increment
become slow for latter drying hours. As the initial porosity
increases, the generated pressure is low comparatively for
reaching the highest value of porosity. In the vacuum drying,
values of pressure and current porosity are low as compare to
freezing drying for the same value of initial porosity (Fig. 5).
Further, as initial porosity increases, the value of pressure
decreases. In the microwave and convective drying, the values
of pressure and current porosity are low as compare to vacuum
drying (Figs. 6 and 7). Again, the value of pressure decreases as
initial porosity increases; correspondingly, current porosity in-
creases. The values of pressure and current porosity are low as
compare to microwave and convective drying in case of os-
motic dehydration (Fig. 8). Current porosity and generated
pressure are depending on the initial porosity.

In the early stage of drying, the porosity increases rapidly
for all values of the initial porosity and after that its increasing
rate became slow. The open space in the structure formed by
the water evaporation is caused of the incapability of structure
to collapse perfectly as water evaporated (Karathanos et al.

1996). The cause for collapse may be the interfacial tension of
tissue’s walls filled with water.

Porosity variation in potato

The current porosity and generated pressure in potato are
shown in Figs. 9, 10, 11, 12 and 13 for freeze drying, micro-
wave drying, vacuum drying, drying at temperature 70 °C and
convective drying, respectively, for different values of initial
porosity. For potato, current porosity ranges from 0.03 to 0.88
in case of freeze drying; from 0.03 to 0.78 in case for micro-
wave drying; from 0.03 to 0.32 in case of vacuum drying;
from 0.03 to 0.31 in case of drying at temperature 70 °C and
from 0.03 to 0.20 in case of convective drying for the given
values of pressure. This range of porosity for potato is reported
in literature (Krokida and Maroulis 2001; Oikonomopoulou
and Krokida 2013) for different drying methods, temperature
and conditions. As the drying process proceeds, pressure on
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the spherical surface (or contraction stress in cells/tissues)
increases that caused the increase in porosity.

The value of current porosity is highest in freezing drying
(Fig. 9) whereas it is lowest in convective drying (Fig. 13). For
the initial porosity 0.03 and 0.04, the value of pressure is very
large. However, as initial porosity increases, the value of
pressure decreases. Similar behavior of porosity and pressure
can be seen in case of microwave drying (Fig. 10); however,
the values of these parameters are less as compare to freezing
drying. The current porosity increases rapidly in starting dry-
ing hours of potato in case of vacuum drying, convective
drying and drying at temperature 70 °C for initial porosities
0.05 and 0.08, whereas, its value is lower for initial porosities
0.03 and 0.04. The values of porosity and pressure in vacuum
drying are higher than convective and at 70 °C drying but
lower than freeze and microwave drying.

The porosity characteristic presented the nonlinear var-
iation with respect to pressure, as expressed in the form of
Eq. (25). Further, as can be seen from Figs. 9, 10, 11, 12
and 13 that current porosity is depending on the initial
porosity and rapidly increases for slight change in initial
porosity. It is also observed that potato is more sensitive
than apple against drying temperature. The rate of
porosity increment in potato drying is high as compare
to apple drying. The possible reason of the formation of
porosity in foodstuffs explained by Krokida et al. (1997)
is given as: in the initial hours of drying, cellular tissues
are sufficiently elastic to shrink into the space left by the
evaporated water. As the drying process proceeds, the
water is replaced by air and, hence, structural changes
occur in the cellular tissue that results in a more rigid
skeleton, thus favoring the development of porosity.
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Comparison of different drying techniques

The understanding of pore formation process in food products
during storage and processing is necessary for the character-
ization and process design of the final processed product with
desired properties. Several dryingmethods are generally liable
for formation of different porous micro - and macrostructures
in a different way due to different process parameters.

During freeze drying of apple and potato, internal water
from these products removed in two steps: in the first step,
product is frozen by keeping pressure and temperature low
and then water is removed by sublimation. In the vacuum
drying method, drying is performed using low temperature
and different pressure. In the microwave drying method, heat
inside the material is generated using electromagnetic waves.
This method is applied by food industries to dry the products
at the reduced drying time using dielectric heating with mi-
crowaves. Convective air drying is the most widely applied
method for food dehydration. In this method, high tempera-
ture is applied for drying food products and the moisture is
removed from the center to the surface of the product. In the
osmotic dehydration method, apple and potato is immersed in
the concentrated solutions, as a result, products of intermedi-
ate moisture content obtain due to natural water removal. The
details of various drying technique can be found in literature
(Krokida and Maroulis 2001; Oikonomopoulou and Krokida
2013).

The drying methods have great effect on the porosity of
apple and potato. The final porosity for apple is the highest
(92 %) in freeze drying (Fig. 4) and the lowest (54 %) in
osmotic dehydration (Fig. 8). The higher porosity value for
apple means that the greater volume of pores is formed during
freeze drying. The larger pores creation is the consequence of
larger ice crystal development during freeze drying. Further,
the porosity of apple during other drying technique such as
vacuum drying, microwave drying and convective drying is
73 %, 63 % and 60 %, respectively. It is clear that the
microwave dried apple developed lower porosity than vacuum
dried apple and greater porosity than convective dried apple
(Figs. 5, 6 and 7). Similar results for apple porosity were
reported by (Krokida and Maroulis 1999).

In the case of potato drying, the freeze dried potato (Fig. 9)
developed the highest porosity (89 %), whereas the lowest
porosity (21 %) is obtained in convective drying (Fig. 13).
Result of the lowest porosity in convective drying method is
supported by (Zogzas et al. 1994). For the other drying
methods, for example microwave drying, vacuum drying
and air drying at temperature 70 °C, the porosity of potato is
78 %, 33 % and 31 %, respectively. The porosity of vacuum
dried potato is observed greater than the porosity of air dried
potato and lower than the porosity of microwave dried potato
(Figs. 10, 11 and 12). Similar results were reported by
(Krokida and Maroulis 1999, 2001) for porosity of potato.

It is evident from the results discussed above for porosity of
apple and potato that dried apple developed higher porosity
than dried potato in freeze drying, vacuum drying and con-
vective drying. This means that the apple is more capable to
shrink as compare to potato. These results may be helpful for
food drying industries to choose an appropriate drying tech-
nique to obtain the desired quality, appearance and texture of
final product.

General remarks

Increment in contraction stress (pressure) in cells of apple and
potato due to water removal is practically valid. Therefore, the
present study justified the physical behavior of apple and
potato in respect of change of porosity and pressure during
dehydration. From above discussion, it is clear that calculated
values of porosity (Figs. 4, 5, 6, 7, 8 and 9, 10, 11, 12 and 13)
are similar to the experimental values of porosity (Figs. 2 and
3) for both apple and potato, respectively. However, the nature
of the graphs is seems different because of the different
behavior of porosity with respect to moisture content and
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Table 2 Initial porosity of apple and potato

Product Initial porosity References

Apple 0.15 Krokida and Maroulis (1997)

0.182 Lozano et al. (1980)

0.194 Sablani and Rahman (2002)

0.2 Mavroudis et al. (1998); Rahman (2008)

0.22 Rahman et al. (2005)

Potato 0.03 Mavroudis et al. (1998)

0.04 Lozano et al. (1983)

0.05 Suzuki et al. (1976); Zogzas et al. (1994)

0.08 Krokida and Maroulis (1997)
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pressure. Further, it is difficult to comprise the experimental
and calculated values of porosity through the same graph due
to different scale of porosity-moisture content and porosity-
pressure measure.

Besides aforementioned drying (methods, conditions,
temperature etc.), moisture removal also comes into the
picture during postharvest handling, storage and transpor-
tation of apple and potato (in general fruits and vegeta-
bles). The processes of moisture loss from fresh fruits and
vegetables termed as transpiration. The transpiration pro-
cess includes the evaporation of moisture from the surface
of the fruits or vegetables to the surrounding air during
storage (Chakraverty et al. 2003). Due to this process,
moisture loss induces shrinkage, increase in porosity,
wilting, and loss of firmness and crispness of apple and
potato, and thus contrarily affects the texture, flavor,
appearance, and the mass of these products. During stor-
age, the formation of pores in fresh apple and potato is the
consequence of water removal that is largely dependent
on the air velocity, relative humidity, and the heat of
respiration and bulk density. This loss of moisture can
be reduced by minimizing the water vapor pressure dif-
ference between the air and the produce and hence poros-
ity increment can be minimized (Chakraverty et al. 2003).
Additionally, at packaging time, various moisture-proof
films and skin coatings can be used. As a result, mass
loss and shrinkage can be reduced in these produce that
caused an improvement in firmness, appearance and over-
all storage life. Furthermore, the textural and sensory
properties should be controlled which changes the con-
sumer’s opinion regarding food quality.

Conclusions

In the present work, a mathematical relation for the prediction
of porosity (volume fraction of pores) variation in apple and
potato is developed as the function of initial porosity and
pressure which is (responsible for the counterbalancing
forces) developed on the surface of porous spherical structure
during dehydration. Current porosity is largely depended on
the initial porosity. For the different values of initial porosity,
the effect of pressure on the current porosity is obtained. The
obtained porosity range for apple and potato is satisfactory
and agreed by the previously published experimental obser-
vations. Additionally, due to close resemblance between ex-
perimental and theoretical results, the developedmathematical
relation is appropriate for the study of porosity behavior of
apple and potato. The developed relation may be helpful in
further studies for the calculation of porosity and structural
properties of apples and potatoes, and furthermore, it can be
extended to examine the porosity behavior for other fruits and
vegetables during dehydration.
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Appendix A

In the terms of components, the deformation gradient tensor
can be written as

F ¼ ∂y
∂x

¼

∂y1
∂x1

∂y1
∂x2

∂y1
∂x3

∂y2
∂x1

∂y2
∂x2

∂y2
∂x3

∂y3
∂x1

∂y3
∂x2

∂y3
∂x3

2
666664

3
777775 ðA1Þ

wh e r e y = ( y 1 , y 2 , y 3 ) , x = ( x 1 , x 2 , x 3 ) , R ¼ xj j ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x21 þ x22 þ x23
� �q

and

∂yi
∂x j

¼ xix j
R2 F

0
Rð Þ−F Rð Þ

R

� �
þ F Rð Þ

R
δi j ; i; j ¼ 1; 2; 3 ðA2Þ

on substituting Eq. (A2) in Eq. (A1) and after some simplifi-
cations we can find

Det Fð Þ ¼ F
0
Rð Þ F Rð Þ

R

� �2

ðA3Þ

By using incompressibility condition Det(F)=1 (from
Eq. 5), Eq. (A3) can be solved to get

F
0
Rð Þ ¼ R

F Rð Þ
� �2

ðA4Þ

Appendix B

From Eq. (5) we have B3−B03=A3−A03, substituting the value
of A3−A0

3 in Eq. (13), we can get

λθ ¼ 1−
B3−B3

0

r3

� �−1=3

ðB1Þ

Now, for r=B, Eq. (B1) reduced to

λθ ¼ B3
0

B3

� �−1=3

¼ B0

B

� �−1

ðB2Þ
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Again, substituting the value of B from Eq. (5) into
Eq. (B2)

λθ ¼ B3
0

B3
0 þ A3−A3

0

� �−1=3

¼ B3
0 þ A3−A3

0

B3
0

� �1=3

ðB3Þ
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